The aim of this study was to measure extra cellular chemical changes in the cerebral cortex in re sponse to compression contusion trauma in rats. Energy related metabolites (i. e. , lactate, pyruvate, adenosine, inosine, and hypoxanthine) and amino acids were har vested from the extracellular fluid (ECF) using microdi alysis and analyzed by high-performance liquid chroma tography. The measurements were performed in cortical tissue, where neuronal injury occurs in this model. The severity of the trauma was varied by using different depths of impact: mild trauma, 1.5 mm; severe trauma, 2.5 mm. The trauma induced a dramatic increase in the ECF levels of energy-related metabolites that was condi tioned by the severity of the insult. The ECF level of taurine, glutamate, aspartate, and -y-aminobutyric acid (GAB A) also rose markedly, while other amino acids did Receptor-mediated events are currently drawing attention as important pathophysiological mecha nisms in cerebral ischemia and trauma. For exam ple, excitatory amino acids (e.g., glutamate), re leased to the extracellular fluid (ECF) during isch emia or after trauma, may contribute to cell death by an excitotoxic mechanism (J!lirgensen and Di emer, 1982; Rothman, 1983; Simon et ai., 1984; Wieloch et ai., 1985; Faden et ai., 1989; Katayama et ai., 1989), presumably involving an intracellular overload of Ca 2 +. We have recently reported on complex and profound chemical changes in the
not change significantly. The results suggest that the trauma induced a transient, profound focal disturbance of energy metabolism in the cortical tissue, probably as a result of mechanically induced disruption of ion homeo stasis and reduced blood flow in combination. The data support the potential role of glutamate and aspartate as mediators of traumatic brain injury. However, the con comitantly released adenosine, GABA, and taurine may be protective and ameliorate excitotoxicity. In analogy with the reported cumulative damaging effects of re peated ischemic insults, the observed ECF changes may help explain the vulnerability of traumatized brain tissue to secondary ischemia. Key Words: Amino acids Brain-Lactate-Microdialysis-P urines-Ra t Trauma.
ECF during focal ischemia in rat brain using mi crodialysis (Hillered et ai., 1988 (Hillered et ai., , 1989 . Following occlusion of the middle cerebral artery, the ECF was flooded with both tentative excitotoxins (i.e., glutamate, aspartate, and dopamine) as well as in hibitory or modulatory agents [i.e., 'Y-aminobutyric acid (GABA), taurine, and adenosine]. The latter may act as inherent anti-ischemic metabolites. We also found that energy-related metabolites (i.e., lac tate, adenosine, inosine, and hypoxanthine) in creased markedly in the ECF, reflecting the energy depletion of the tissue. Similar results and conclu sions were reported during global ischemia in the rat (Hagberg et ai., 1987) and in the human brain under ischemic conditions (Hillered et ai., 1990) .
Since ischemia may play an important role in the pathophysiology of focal brain trauma in the rat (Nilsson and Nordstrom, 1977; Yamakami and McIntosh, 1989) , it was of interest to study the acute dynamics of ECF chemical changes in our model of concussive brain trauma in rats. Trauma was induced by means of a compression contusion device and the ECF chemical changes in the cere bral cortex were measured by intracerebral mi crodialysis (Ungerstedt, 1984) and HPLC analysis of lactate, pyruvate, adenosine, inosine, hypoxan thine, and amino acids.
MATERIALS AND METHODS
Seventeen male Sprague-Dawley rats, weighing be tween 244 and 484 g, were used in the study. Anesthesia was induced with halothane (3%) and N 20102 (1: 1) under spontaneous ventilation. After intubation, artificial ven tilation was maintained (animal respirator from Sandblom & Stohne AB, Stockholm, Sweden) with a gas mixture of halothane (1.5%) and N20l02 (3:1). Arterial and venous catheters were inserted into tail vessels. Once the cathe ters were in place, the halothane was excluded and the rats were given muscle relaxation (succinylcholine 5 mg/ml, 0.2 ml intravenously every 20 min). Arterial pres sure was registered continuously (Grass, model 79D and Goldstath physiological pressure transducer). Arterial blood gases were taken every 30 min (ABL 30, Radiom eter, Copenhagen, Denmark). Body temperature was maintained constant at 37SC.
Trauma model
The trauma model is a modification of Feeney's model (Feeney et aI., 198 1) . Local anesthesia (lidocaine, 20 mg/ m!) was administered subcutaneously over the area of the craniotomy. A craniotomy was made over the right pari etal lobe with a diameter of 6.5 by 9 mm. A piston with a diameter of 4.5 mm was placed on the dura with the cen ter of the piston lying 1.5 mm caudally to the level of the bregma and 2.5 mm lateral to the midline. A 21 g free falling weight was dropped from a height of 35 cm over the piston. The depth of depression of the brain (i.e., 1.5 or 2.5 mm) was predetermined by the design of different pistons, as described by Feeney et al. (198 1) . To minimize air resistance in the tube, holes were drilled along one side with a distance between them of 1 cm. This experi mental protocol was designed as a model of mild cortical compression contusion trauma, associated with minor neurologic deficits, scattered neuronal injury, and occa sional, small intraparenchymal hemorrhages. These changes are primarily confined to a circular zone under the circumference of the piston, and from the surface to the border zone between cortex and white matter under the piston (P. Nilsson, L. Hillered, U. Ponten, and Y. Olsson, in preparation).
To test whether or not the chemical changes observed in response to trauma were related to the degree of injury, a series of four rats was performed with a more severe trauma where the depth of depression was increased to 2.5 mm. In these animals, the neuropathologic changes were more pronounced, particularly with regard to hem orrhage in the white matter. Brain temperature was mea sured in three rats before and after sham operation. A thermocouple probe was implanted in the cortex via the craniotomy and connected to a digital thermometer (DTK 1150, Tradoterm AB, Stockholm, Sweden). To prevent a temperature drop in the tissue exposed by the cranioto my, a lamp was placed at a predetermined distance from J Cereb Blood Flow Metab, Vol. 10, No.5, 1990 the head of the animals. Brain and body temperature was monitored throughout the experiment. At the end of the experiment, the animals were sedated with 1-2 ml of a mixture containing chloral hydrate (4.25%) and sodium pentobarbital (0.97%) intraperitoneally and perfused through the heart with 200 ml of a 0.9% NaCI solution followed by 200 ml of a 4% buffered formaldehyde solu tion. The brains were placed in fixative and kept in a refrigerator overnight at approximately 4°C. The brains were dehydrated and embedded in paraffin. Coronal sec tions (6 fLm) were cut through the contusion area and placed on slides. The sections were stained with hema toxylin and eosin and van Gieson's stain before histolog ical examination.
Microdialysis procedure
A microdialysis probe (CMA/IO, membrane length of 3 mm; Carnegie Medicin, Stockholm, Sweden) was im planted into the cortex close to the medial edge of the craniotomy using a stereotaxic instrument. Ringer solu tion was perfused through the probe by a microinjection pump (CMA/1OO, Carnegie Medicin) operated at 2 fLlImin. Samples were collected in 10 min fractions during 2 h before and 2 h after the trauma, using a CMAlI40 Micro fraction collector (Carnegie Medicin). Before induction of the trauma, the probe was removed from the brain with the stereotaxic instrument. The trauma device was put in place and the weight was dropped. The trauma device was then removed and the probe was reinserted exactly in the same position with the stereotaxic instrument. The time interval between induction of the trauma and reim plantation of the probe was 30-40 s. Control animals were subjected to the same procedure except for the induction of trauma.
Chemical analysis
The microdialysis samples were divided into three ali quots and analyzed on three different HPLC systems. Lactate and pyruvate was detected at 214 nm as de scribed by Hallstrom et al. (1989) . Adenosine, inosine, and hypoxanthine were detected at 254 nm according to the method of Fredholm and Sollevi (1981) . Amino acids were detected fluorimetrically following precolumn de rivatization with o-phthaldialdehyde by a modification of the method of Lindroth and Mopper (1979), as described by Tossman and Ungerstedt (1986) . For more details, see also the report by Hillered et al. (1989) .
Statistical analysis
For the comparison of multiple means for each metab olite, statistical analysis was performed using one-way analysis of variance and Tukey's multiple range test (Stat graphics 2.6, STSC Inc., Rockville, MD, U.S.A.). The Student's t test was used for the comparison between two means (mild and severe trauma groups). Diff erences with a p value less than 0.05 were considered to be statistically significant.
RESULTS
Physiological parameters were maintained at the following levels: body temperature of 37SC, Peo2 of 4.7-5.5 kPa, P02 of 11-18 kPa, pH of 7.35-7.45, base excess of ±3. 0 mEq, and MABP of 100 mm Hg. There was a transient increase in MABP of 15-20 mm Hg during the first 0.5 min after trauma.
Interstitial chemical changes

Energy-related metabolites
The mild trauma induced a four-to fivefold in crease in the dialysate concentration of lactate (Fig.  1) . The lactate level normalized within 80 min after the trauma. The severe trauma caused a more pro nounced elevation of lactate (about sevenfold) that did not normalize until 2 h after injury. In control animals, lactate was significantly different from the basal level (fraction 7-12) only in the first fraction, reflecting mainly the implantation trauma (Ben veniste, 1989) . There was only a minor increase in pyruvate (from about 7 to 11 j.LM) in response to trauma (data not shown). The lactate/pyruvate ratio increased significantly from a basal level of 15-20 to about 55, with a time course similar to lactate (data not shown). These changes were accompanied by a dramatic elevation in the dialysate concentration of adenosine ( Fig. 2) , inosine (Fig. 3) , and hypoxan thine ( Fig. 4 ). These metabolites returned to a level not significantly different from baseline at 30, 50, and 70 min, respectively. The effect of the severe trauma on these purines was both more pronounced (adenosine and inosine only) and had a longer du ration compared to the mild trauma. All three me tabolites were also significantly elevated in the first fraction after implantation of the probes, both in experimental and control animals.
Amino acids
In response to trauma, statistically significant changes occurred with glutamate, aspartate, tau- rine, and GABA. Other amino acids measured, i.e., asparagine, serine, glutamine, histidine, glycine, threonine, arginine, alanine, and tyrosine, did not change significantly. Taurine showed the most pro nounced concentration increase (17-to 40-fold) in the dialysates (Fig. 5 ). The increase in glutamate ( Fig. 6 ) and aspartate (Fig. 7) was 8-to 13-fold and 6-to 17-fold, respectively, while GABA rose from a nondetectable basal level to mean values of 0.6-1.2 j.LM (data not shown). The peak value of all four amino acids appeared in the first 10 min fraction, and the levels normalized within 20-30 min after trauma. Only taurine showed a significant dose- response relationship with the severity of the trauma, with a prolonged elevation after the severe trauma. The elevation of the other three amino ac ids was more pronounced after the severe trauma, but these differences were not statistically signifi cant.
In general, the results obtained mainly represent chemical alterations in cortical tissue since the cor tex at the site of implantation of the microdialysis probes (membrane length of 3 mm) was approxi mately 2-2.5 mm. The basal levels of all metabolites were similar in cortical tissue (present study) as compared to the striatum (Hillered et aI., 1989). The only exception was hypoxanthine, which was two to three times higher in the cortex.
Histology
Histologic examination confirmed that the mi crodialysis probes were located in the medial circu lar zone under the circumference of the piston, showing characteristic neuropathologic changes (see the Methods section). There was no indication in any of the animals subjected to the mild trauma that the probe membrane had been in contact with hemorrhages. However, in two rats subjected to se- vere trauma, the membrane could have been partly in contact with blood.
Brain temperature
To prevent a temperature drop in the tissue under the craniotomy, a lamp was placed at a predeter mined distance above the head of the rat. By this procedure, cortical brain temperature was found to be within the range O-OSC below body tempera ture throughout the experiment in three rats sub jected to sham operation.
DISCUSSION
The present study was undertaken to examine any increase in the ECF levels of energy-related metabolites (lactate, pyruvate, adenosine, inosine, and hypoxanthine) in the cerebral cortex after trauma, reflecting a possible disturbance in energy metabolism (Hagberg et aI., 1987; Hillered et aI., 1989) . We were also interested in measuring any release of transmitter amino acids into the ECF. Such changes could mediate the neuronal injury in our model. Microdialysis probes were implanted stereotaxically 2 h prior to trauma into cortical tis sue known to suffer neuronal injury (as noted). To avoid additional trauma by the rigid probe caused by the movement of the tissue during trauma, the probe was removed immediately before and rein serted stereotaxically into the same position within 40 s after trauma. This procedure alone did not cause any chemical changes in the ECF surround ing the probe (Figs. 1-7 , sham-operated animals).
Our results indicate that the trauma induced a dramatic, transient increase in the ECF levels of energy-related metabolites in the cortical tissue ( Figs. 1-4) . These changes showed a dose-response relationship with the severity of the trauma. In a recent study, we found that focal cerebral ischemia induced by middle cerebral artery occlusion (MCAO) in rats was associated with a dramatic in crease in the ECF level of lactate (4-to 6-fold), adenosine (20-to 25-fold), inosine (15-to 20-fold), and hypoxanthine (15-fold) in the striatum, during the first 60 min after MCAO (Hillered et al., 1989) . Those changes reflected the metabolic state of the tissue under near-complete ischemic conditions (Bolander et aI., 1989) , i.e., energy depletion. The corresponding changes after trauma in the present study were as follows: for lactate, 5-to 7-fold; adenosine, 60-to lOO-fold; inosine, 20-fold; and hy poxanthine, 11-to 14-fold. Thus, apart from adenosine, the changes were quite similar as during focal ischemia. Therefore, the present results sug gest that the cortical tissue suffered a transient, pro-found disturbance in energy metabolism after trauma.
The much more pronounced increase in adeno sine after trauma compared to MCAO is interesting. A possible explanation for this finding is that the adenosine increase in the ECF occurred by two dif ferent mechanisms after trauma, i. e., metabolic stress produced by ischemia and depolarization in combination (see below) and by mechanical stress causing membrane damage and a release of adenine nucleotides into the ECF. In the former case, the metabolites were formed intracellularly and then diffused out into the ECF. This intracellular forma tion of inosine and hypoxanthine partly occurred via inosine monophosphate (IMP) (Siesjo, 1978) . In the latter case, however, when the released adenine nucleotides were metabolized extracellularly, the IMP route was probably not operating (Professor Bertil Fredholm, Karolinska Institute, Stockholm, personal communication), thus leading to relatively higher levels of adenosine after trauma compared to ischemia. This is supported by the finding that the adenosine response was much more pronounced af ter severe trauma, whereas the elevation in inosine and hypoxanthine was only slightly higher or equal to the mild trauma (Figs. 2-4) .
Previous studies on energy metabolism have re ported on mild metabolic disturbances after concus sive brain injury in ventilated rats and cats (Nilsson and Ponten, 1977; Yang et aI., 1985; Unterberg et aI., 1988) . Those results were obtained using nu clear magnetic resonance spectroscopy or biochem ical measurements of energy metabolites in brain tissue frozen in situ. The present findings suggest ing a more profound metabolic disturbance were highly focal, reflecting the cortical tissue under the circumference of the piston, where the shear stress is maximal and where the most pronounced neuro nal injury appears (as noted). Therefore, the present findings may well be compatible with previous re sults, reflecting energy metabolism in whole tissue as well as in larger tissue volumes.
The results further indicated a transient elevation in the ECF levels of transmitter amino acids in re sponse to trauma. Taurine increased 17-to 40-fold, glutamate 8-to 13-fold, aspartate 6-to 17-fold, and GAB A from an undetectable basal level to 0.6-1.2 j.LM. Other amino acids measured did not change significantly. Only the taurine response was signif icantly related to the severity of the trauma, with a prolonged increase after the severe trauma. How ever, the data suggest a dose-response relationship also for glutamate and aspartate. The pattern of amino acid changes was different from that ob served during permanent focal ischemia (Hillered et aI., 1989) . Thus, after MCAO, the most pronounced change in the striatal ECF occurred with GABA (about 200-fold increase at 60 min postocclusion), followed by glutamate (60-fold), aspartate (30-fold), and taurine (35-fold). These differences may be due to the different sites of measurement (i.e., striatum vs. neocortex) or to different mechanisms. In a fluid percussion trauma model in the rat, Faden et aI. (1989) recently reported on a 10-to 15-fold increase in the ECF levels of glutamate and aspartate in the hippocampus (taurine and GABA not measured), while Katayama et aI. (1989) found a 4-to 5-fold increase in glutamate. This is similar to the neo cortical ECF changes in the present study. Our re sults support the potential role of glutamate and as partate as mediators of traumatic brain injury. However, our results suggest a more complex pic ture in which both potentially harmful (i.e., gluta mate and aspartate) and protective (i.e., GABA, taurine, and adenosine) agents increased in the ECF after trauma. The net effect of these events on neu ronal injury after trauma needs to be evaluated. Of particular interest was the very dramatic increase in ECF adenosine (Fig. 3) , which may ameliorate the adverse effects of glutamate (for references, see Hagberg et al., 1987) . The putative role of taurine as an osmoregulatory agent is also worth considering (for references, see Lehmann and Sandberg, 1990) .
The mechanism of the observed cortical ECF changes in the present study is not clear. Brain con tusion has been reported to cause a massive elec trical discharge by direct mechanical action (Leao, 1944; Walker et aI., 1944) , i.e., a depolarization as sociated with a transient increase in ECF K + (Hansen, 1985) and an increased metabolic rate (Nilsson and Ponten, 1977) . With regard to blood flow changes after experimental brain injury, the picture appears to be somewhat obscure. In the rat, a transient decrease in regional cerebral blood flow (rCBF) by 50-70% was reported after brain contu sion (Nilsson and Nordstrom, 1977; Yamakami and McIntosh, 1989) . In the cat, no such decrease was observed within the time period 30 min to 8 h post trauma (Saunders et aI., 1979; Lewelt et aI., 1980; DeWitt et aI., 1986; Unterberg et aI., 1988) . Whether or not a similar reduction in rCBF occurs in the cat during the first 30 min after trauma re mains to be determined. In both species, a very short-lasting hyperemia occurred, apparently paral lel to the transient increase in MABP after the trauma. Since the duration of the small MABP in crease in our model was 0.5 min, hyperemia prob ably did not influence the present results. The de polarization may well have been the triggering event for the release of transmitter amino acids J Cereb Blood Flow Metab, Vol. /0, No. 5, 1990 (Katayama et aI., 1989), whereas the flow reduction per se was presumably not profound enough to cause the release (Shimada et aI., 1989) . The depo larization could probably not by itself explain the profound disturbance in energy metabolism ob served (Hansen, 1985) . However, the increased en ergy demand resulting from the disrupted ion ho meostasis could, in conjunction with a rCBF reduc tion, have led to ischemia and temporary energy derangement. The temperature measurements showed that by placing a lamp at a predetermined distance over the skull, changes in brain tempera ture owing to factors unrelated to the trauma per se could be prevented. The importance of brain tissue temperature control for this type of experiment was illustrated by the recent report by Busto et aI. (1989) , where a reduction of brain temperature from 36 to 33°C abolished the release of glutamate to the ECF during ischemia.
In conclusion, the present results suggest the presence of a transient, profound focal disturbance of energy metabolism after trauma, confined to the cortical tissue where neuropathologic changes ap peared. The accompanying increase in ECF trans mitter amino acids observed may have important implications for the neuronal injury process after trauma. It has been shown that repeated ischemic insults have a cumulative damaging effect on brain tissue (Tomida et aI., 1987) . Therefore, the transient disturbance of energy metabolism and the release of excitatory amino acids, as evidenced by the present results, may help to explain the deleterious effect of secondary ischemia after trauma (Jenkins et aI., 1989) .
